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We consider interference between the Higgs signal and QCD background in gg → h → γγ and
its effect on the on-shell Higgs rate. The existence of sizable strong phases leads to destructive
interference of about 2% of the on-shell cross section in the Standard Model. This effect can be
enhanced by beyond the standard model physics. In particular, since it scales differently from the
usual rates, the presence of interference allows indirect limits to be placed on the Higgs width in
a novel way, using on-shell rate measurements. Our study motivates further QCD calculations
to reduce uncertainties. We discuss potential width-sensitive observables, both using total and
differential rates and find that the HL-LHC can potentially indirectly probe widths of order tens
of MeV.
I. INTRODUCTION
The recent discovery of a Standard Model (SM)-like
Higgs boson at the LHC opens a new era of research in
particle physics. The Higgs boson is directly connected
to the origin of mass of fundamental particles and the
electroweak scale. Therefore, precision tests of the prop-
erties of the Higgs boson provide a unique window into
these basic questions. At the LHC, the current sensitivity
in the cleanest Higgs boson channels is already exceed-
ing expectations, while projections for future sensitivity
after the high luminosity LHC (HL-LHC) run are at the
few percent level [1, 2]. In anticipation of the coming
era of high precision Higgs physics, small effects in Higgs
production and decay rates should be carefully scruti-
nized. More importantly, higher order effects that were
previously neglected or only partially considered, as well
as new observables, may shed light on beyond the stan-
dard model effects encoded in the Higgs partial and total
decay widths.
In this paper, we explore the physics potential for con-
straining the SM Higgs total decay width from the change
in on-shell Higgs rates due to interference effects between
the Higgs signal and the QCD background. This change
in rates requires the existence of a so-called strong phase
in the amplitudes, that can be present both in the Higgs
signal and in the continuum background, as is the case in
the SM. We shall demonstrate that, the different scaling
behavior between the strong phase induced interference
and the Breit-Wigner parts of the on-shell Higgs rate may
allow the placement of bounds on, or even measurements
of, the Higgs boson total width. Both theoretical and ex-
perimental uncertainties are the leading limiting factors
in this program. On the other hand, without the strong
phase induced interference effects, fits to on-shell Higgs
rates can only place bounds on the total width by making
definite theoretical assumptions [3–5].
In the following we shall focus on the process gg →
h→ γγ, which will be measured with very high precision
at the LHC. The interference effect affecting the Higgs
production rate through this process was estimated more
than a decade ago in Refs. [6, 7]. We explore this effect
further and highlight for the first time the resulting sen-
sitivity to the Higgs boson total decay width. We study
the change in the cross section as a function of a veto
on the Higgs boson transverse momentum and as a func-
tion of the photon scattering angle in the diphoton rest
frame. In both cases we evaluate the associated theo-
retical uncertainties, that certainly call for improvement.
More recently, interference effects in this channel have
been studied extensively in [8–11], putting the main em-
phasis on the interference part proportional to the real
component of the scalar propagator. This effect shifts the
Higgs diphoton invariant mass peak at the +10 MeV to
−70 MeV level, depending on the cuts. Such a mass shift
can provide sensitivity to the Higgs width, if the energy
resolution is sufficiently good to allow for a comparably
accurate measurement of the Higgs boson mass. The in-
terference effect investigated in this work is complemen-
tary to those studies in the sense that, it is proportional
to the imaginary component of the propagator and pro-
vides information on the Higgs total decay width from
an on-shell Higgs boson cross section measurement. Our
effect is also complementary to the off-shell method [12–
14], since it is independent of new physics effects that
may distort the measurements in the far off-shell region.
The rest of the paper is organized as follows. In Sec-
tion II we discuss the basic nature of the strong phase
induced interference effect between the gg → h → γγ
signal and the gg → γγ SM background, and show how
its dependence on the Higgs total width differs signifi-
cantly from other Higgs rate observables. In Section III
we discuss results of our full next-to-leading-order (NLO)
calculation, including the interference effects dominated
by the background amplitude, considering both virtual
and real emission contributions. We also present a dis-
cussion of novel observational aspects of this effect, in-
cluding its angular and pT -veto dependence, and outline
strategies for constraining the Higgs boson total width
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in Section IV. We summarize our results and possible
future directions in Section V. In the Appendices, we
provide details on the signal and background amplitude
behaviors as well as on the input parameters used in our
calculation.
II. INTERFERENCE EFFECTS AND
SENSITIVITY TO THE HIGGS WIDTH
In order to quantify the effect of the Higgs boson on
the diphoton production rate, including the effect of in-
terference with QCD background contributions, we com-
pute observables based on the following combination of
amplitudes,
|Mh|2 = |Ah +Abkg|2 − |Abkg|2
= |Ah|2 + 2 Re
[
AhA
∗
bkg
]
, (1)
where Ah and Abkg are amplitudes for diphoton produc-
tion through an s-channel Higgs and for the rest of the
SM processes, respectively. For simplicity, helicity in-
dices are suppressed in this section. In the following, it
is useful to write the amplitude for gg → h → γγ in a
form which explicitly factors out the loop-induced cou-
plings to gluons (Fgg) and photons (Fγγ),
Ah ≡ Agg→h→γγ ∝ sˆ
sˆ−m2h + iΓhmh
FggFγγ . (2)
Considering Eq. (1), the interference term can come from
different contributions. Taking both Fgg and Fγγ as real
Wilson coefficients of effective vertices is sufficient for
most purposes. In such a case, Ah is purely imaginary
when exactly on-shell, sˆ = m2h. In addition, the phase of
the leading order QCD background amplitude for gg →
γγ is often neglected. These two approximations imply
that the interference term in Eq. (1) vanishes at sˆ = m2h.
Moreover, under the above conditions, the interference
term is proportional to the real part of Ah, and hence an
odd function of sˆ −m2h. Therefore, upon dsˆ integration
the interference term does not change the overall rate,
apart from a small contribution from the slope of the
PDF. The interference, however, does result in a small
shift in the location of the peak in the γγ rate, that has
been the subject of detailed study [8–11].
Interestingly, a careful inspection of additional con-
tributions to the interference term reveals effects that
are not captured in the above discussion. As explained
in detail in appendices A and B, both the Higgs cou-
plings Fgg and Fγγ as well as the background amplitude
Abkg do receive absorptive contributions that arise from
loops of particles that are sufficiently light to be on shell.
The resulting phases that are induced are usually dubbed
‘strong phases’ in the flavor literature and we will adopt
this terminology here. 1 In the presence of a strong phase
1 Strong phases, which are CP even, get their name because they
we can write the interference term as
|Mh|2int≡ 2 Re[AhA∗bkg] =
2|Abkg||Fgg||Fγγ |
(sˆ−m2h)2 + Γ2hm2h
(3)
×[(sˆ−m2h) cos(δbkg − δh)+mhΓh sin(δbkg − δh)],
where we have taken δh = arg[Fgg] + arg[Fγγ ] and
δbkg = arg[Abkg] as the signal and background strong
phases, respectively. The first term in the square bracket
is the contribution to the interference term that, as we
discussed below Eq. (2), does not modify the overall rate
once we integrate over sˆ. The second term is the subject
of this work and leads to a modified rate in the presence
of a signal or background strong phase. For convenience,
we define |Mh|2int = Rinth + I inth and δs = δbkg − δh such
that
Rinth ≡
2|Abkg||Fgg||Fγγ |
(sˆ−m2h)2 + Γ2hm2h
(sˆ−m2h) cos δs
I inth ≡
2|Abkg||Fgg||Fγγ |
(sˆ−m2h)2 + Γ2hm2h
mhΓh sin δs. (4)
In the SM the dominant contribution to I inth comes
from the phase of the background amplitude at two
loops [6, 7]. The signal amplitude also contains a strong
phase, mainly due to bottom quark loops. For a detailed
discussion, we refer the reader to appendices A and B.
We have performed a calculation of the interference ef-
fect that accounts for both signal and background ab-
sorptive effects. In Fig. 1 we illustrate the features of
the interference effects. The line shape, the differential
cross-section as a function of sˆ, is shown for the pure
Breit-Wigner (only |Ah|2), and for the interference con-
tributions I inth and Rinth as well as for the sum of both.
For visualization, the interference contribution I inth has
been magnified by a factor of 10. In this figure we show
the lineshapes obtained including NLO effects with vir-
tual corrections only. After summing over different in-
terfering helicity amplitudes, this amounts to averaged
strong phases δh = (pi+0.036) and δbkg = −0.205 for the
signal and background, respectively. In the next section
we shall present a full NLO calculation and will find that
the imaginary interference is destructive and results in
about a 2% reduction in the overall rate.
Given that the interference term I inth and the Breit-
Wigner term have a different dependence on the Higgs
boson total width, it follows that the on-shell cross sec-
tion of gg → h→ γγ gains sensitivity to the total width
in a manner different than other on-shell Higgs cross sec-
tions that have negligible interference term contributions.
often arise in flavor physics from QCD dynamics. This is in
contrast with CP odd weak phases which are Lagrangian param-
eters. A weak phase in Higgs physics, for example, would be the
relative size of the Higgs couplings to FF˜ versus FF .
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FIG. 1. The lineshape induced by various contributions to the
cross-section for gg → h → γγ in the SM. The Breit-Wigner
line-shape, with no interference, is shown in blue (dashed)
while the effect of Rinth and I inth (multiplied by a factor of 10)
are shown in red (dotted) and green (solid), respectively. The
overall effect of the interference in the full NLO calculation is
given by the brown (solid) line. The insert in the top right is
a magnification of the corresponding interference lineshapes.
Schematically,
σ ∼
∫
dmγγ
|Fgg|2|Fγγ |2
(sˆ−m2h)2 + Γ2hm2h
×
(
1 +
2|Abkg|[(sˆ−m2h) cos δs +mhΓh sin δs]
|Fgg||Fγγ |
)
∝ |Fgg|
2|Fγγ |2
Γhmh
(
1 +
2mhΓh|Abkg| sin δs
|Fgg||Fγγ |
)
. (5)
This equation can be identified as expressing the para-
metric dependence of the cross section in the form of
σ = σBW(1 + σint/σBW). The first term in this equation
displays the usual dependence of an on-shell cross section
on the decay width, identical to that of the narrow-width-
approximation result. In the absence of the interference
effect it implies that such cross sections are insensitive
to simultaneous changes to the Higgs couplings and to-
tal width that leave the quantity |Fgg|2|Fγγ |2/Γh invari-
ant – this is the so-called flat direction in this parame-
ter space. Combining the γγ rate with other channels
will not eliminate this ambiguity since all on-shell rates
exhibit an identical scaling with the corresponding cou-
plings, namely g2i g
2
f/Γh where gi and gf are the couplings
for production and decay of the corresponding channel,
respectively. However the presence of the second inter-
ference term in Eq. (5) lifts this degeneracy. This spe-
cial dependence on the total width can, in the fullness
of time, be exploited by global fits of experimental data
that determine Higgs properties.
As a concrete example that demonstrates the poten-
tial of this novel effect, without loss of generality we can
consider excursions in the flat direction corresponding to,
|Fgg|2|Fγγ |2
|F SMgg |2|F SMγγ |2
=
Γh
ΓSMh
. (6)
The total Higgs cross section can then be written as,
σ = σSMBW
(
1 +
σSMint
σSMBW
√
Γh
ΓSMh
)
' σSMBW
(
1− 2%
√
Γh
ΓSMh
)
.
(7)
The result of a full NLO calculation of the interference ef-
fect, the details of which will be presented in Section III,
are presented in Fig. 2, that shows the relative size of the
interference effect as a function of the total width, nor-
malized to its SM value, for parameter excursions defined
by Eq. (6). The variation of the interference effect with
the total width is shown imposing a 20 GeV phT -veto,
with and without LHC cuts on the final state photons
(see Sec. III for details). Since the interference effect is
largest at small scattering angles (see Fig. 3 in Sec. III),
the effect of the photon cuts is to reduce the expected
interference. This is only a small consideration in the
SM, but leads to much bigger differences for Γh  ΓSMh .
Observe that in the SM the interference contribution is
destructive. However, if the sign of FggFγγ were flipped,
(δs → pi + δs), the interference effect would lead to an
enhancement of the diphoton rate rather than a suppres-
sion. The theoretical scale uncertainty is shown in the
bottom panel of Fig. 2 and amounts to about +50%−30%, as
will be discussed in detail in the next section. For exam-
ple, the interference effect is as large as −(2.20+1.06−0.55)%
without photon cut for SM Higgs. Although a measure-
ment at the 2% level may be challenging at the LHC, this
shows that a precise measurement of the gg → h → γγ
rate can place a limit on the width of the Higgs boson.
In this respect a measurement of the ratio of the γγ rate
to the 4` rate is a promising route to reduce many of the
systematic and theoretical, e.g. PDF and other paramet-
ric, uncertainties (see Sec. IV for details).
III. SIGNAL-BACKGROUND INTERFERENCE
AT NLO
The most recent calculation of the effect of the strong
phase in the gg → h → γγ process was performed in
Ref. [7] in 2003. This calculation was primarily based on
an analysis of the effect of the two-loop contribution to
the background amplitude, which is justified because of
the size of the resulting strong phase at two-loop relative
to the one obtained in a one-loop analysis [6]. In this pa-
per we perform a full NLO QCD analysis of this effect, in
which the singularities present in the two-loop amplitude
are explicitly isolated and cancelled by corresponding real
radiation contributions. We note that, as anticipated in
the original analysis [7], the impact of real radiation on
the I inth contribution to the interference is tiny. However,
the inclusion of these effects allow us to present a consis-
tent fixed-order calculation of the strong-phase induced
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FIG. 2. The total signal rate change due to the interference
effect as a function of the Higgs total width normalized to
its SM value, while keeping the Breit-Wigner cross section
identical to that of the SM Higgs. The magenta and blue
(solid) lines represent the cases with and without LHC cuts
on the final state photons, respectively. The lower panel shows
the scale variation uncertainties for these interference terms
as bands delimited by the blue (dashed) and magenta (solid)
lines. The curves are obtained with a veto on the Higgs boson
pT at 20 GeV.
interference, in a similar fashion to a recent analysis of
the effect of the Rinth contribution [10].
For clarity we provide a description of the ingredi-
ents in our calculation. At the LO level (one-loop in
QCD) all quark mass effects are fully taken into account.
The NLO QCD corrections to the interference term re-
ceive contributions from both the two-loop Higgs am-
plitude, which is evaluated in the effective theory, and
the two-loop background amplitude which is computed
for five massless quark flavors circulating in the loop.
The corresponding real radiation contribution is given by
the interference of the one-loop diagrams for the signal,
gg → H(→ γγ)g and background, gg → γγg [15, 16]
contributions. Although they are numerically negligi-
ble, for consistency and completeness we also include the
interference between the related qg → H(→ γγ)q and
qg → γγq (through a closed loop of quarks) processes.
As in the two-loop contributions, the real radiation Higgs
amplitudes are computed in the effective theory and the
background diagrams only include the effects of mass-
less quarks. We do not include the effects of interfer-
ence between one-loop qg → H(→ γγ)q and tree-level
qg → γγq amplitudes since they do not contribute to the
strong phase induced interference term in the effective
theory [17]. The singularities appearing in the calcula-
tion are handled using the dipole subtraction method [18]
and the evaluation of all contributions is performed us-
ing the parton-level code MCFM [19]. Our results have
been obtained using the NLO CT14 PDF set [20], with
renormalization (µr) and factorization (µf ) scales equal
to mh. The theoretical uncertainty on the predictions
resulting from this scale choice is estimated by perform-
ing a a six-point scale variation: {µr, µf} = {rmh, fmh}
with r, f ∈ ( 12 , 1, 2) and rf 6= 1.
Our NLO calculation allows the application of a re-
alistic set of cuts that represent a typical LHC analy-
sis in this channel. To do so, we impose a basic accep-
tance criterion for photons given by pγ,hardT > 40 GeV,
pγ,softT > 30 GeV and |ηγ | < 2.5. We also employ a sim-
ple isolation prescription, requiring that both photons are
separated from a parton with pT > 3 GeV by a distance
∆R > 0.4. The inclusion of real radiation contributions
also allows a crude study of the effects of a jet (or, equiv-
alently at this order, Higgs) pT veto, for which we reject
events in which a parton is present with pT > p
veto
T and
η < 3. We note that calculations of the effect of a jet veto
on the pure Breit-Wigner contribution are substantially
more sophisticated and use perturbative input at N3LO
ameliorated with resumed predictions. A summary of the
current state-of-the-art can be found in Ref. [21]. Nev-
ertheless, the study performed here provides a consistent
framework for studying the effect of the veto – in which
both the interference and Breit-Wigner contributions are
treated on the same footing – which may be systemati-
cally improved in the future.
Our results for the full NLO calculation of the change
in the rate relative to the Breit-Wigner Higgs cross sec-
tion are shown in Fig. 2. The interference scales with the
width of the Higgs boson in accord with the expectation
of Eq. (7), up to small deviations induced by effects such
as real radiation and PDFs. The theoretical uncertainty
in this calculation shown in the bottom panel of Fig. 2 is
obtained following the scale variation procedure outlined
above. It is clear that this uncertainty is rather sizable
and the dominant effect of the scale variation is captured
by the change induced by the value of αs(µr). This is
due to the fact that the strong phase is much bigger at
two-loops than at one-loop, as discussed at length in Ap-
pendix B and indicated in Fig. 5 therein. This means
that our NLO evaluation of this effect does not benefit
from the substantial reduction in scale dependence that
might be expected from such a calculation; instead, the
prediction for the interference has scale dependence sim-
ilar to that of a LO calculation that is proportional to
α3s(µr). Moreover, this means that the prediction does
not benefit from any reduction in scale dependence when
expressed as a fractional correction to the Higgs produc-
tion cross section (σint/σBW). This is due to the fact
that the scale dependence of σBW is already rather small,
even in our NLO calculation. A reduction of the uncer-
tainty in σint would necessitate a three-loop calculation
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FIG. 3. Parton level cross section change due to the interfer-
ence effect as a function of the photon scattering angle in the
diphoton rest frame for the SM Higgs. The full NLO result is
shown in solid blue curve. The blue band in the lower panel
represents the scale uncertainty in the calculation of this ef-
fect. The dotted, dashed and dot-dashed lines correspond to
partial calculations where the strong phase is included at var-
ious orders (see text). The partial calculations include only
virtual corrections while the full calculation result includes a
Higgs pT veto of 20 GeV.
of a 2 → 2 scattering process, which is currently not
tractable. However, on the time-scale over which the ex-
perimental precision could probe deviations at this level,
i.e. the HL-LHC, there will surely be progress in this
direction.
Kinematic Dependence of the Interference
It is important to understand the variation of the in-
terference effect with kinematic variables. In Fig. 3 we
show the differential distribution of the ratio σint/σBW
as a function of the photon scattering angle (in the γγ
rest frame) for different orders of the signal and back-
ground amplitudes for the SM Higgs. The brown dotted
line shows the interference effect at LO (1-loop) in both
signal and background, but without including the signal
strong phase. Staying at this order, but now including
the strong phase in the Higgs amplitude leads to a some-
what larger effect, shown by the green dashed line. As
discussed in Appendix B, the background strong phase
is suppressed by the masses of light quarks at one loop,
but this suppression is absent at the two loop level. We
therefore see a sizable enhancement in this interference
effect once we include the background amplitude at two
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FIG. 4. The cross section change due to interference effect in
the SM, as a function of a veto on the Higgs boson pT . The
magenta and blue lines are for the cases with and without
LHC cuts on the final state photons, respectively. The bands
in the lower panel delimited by the magenta (solid) and blue
(dashed) lines represent the corresponding scale variation on
these interference effect calculations.
loops (magenta, dot-dashed line). This curve is similar
to the estimate of Ref. [7]. The full NLO calculation is
shown by the solid blue line. The slight dilution of the
effect going from the dot-dashed line to full NLO orig-
inates from an enhancement of σBW from real emission
effects. For all curves we see that the interference effect
is largest in the forward direction due to the kinematic
behavior of the interfering background in this region, as
shown in Fig. 5 in Appendix B.
Fig. 4 shows the dependence of σint/σBW as a func-
tion of a veto on the Higgs boson pT . Here we show
the result both with and without LHC cuts on the fi-
nal state photons described earlier in this section. As
discussed earlier, real emission does not induce a sizable
interference effect given that it does not yield additional
sources of strong phase beyond those appearing in the
LO amplitudes. In addition, its contribution enhances
the Breit-Wigner cross section. As a result, relaxing the
Higgs pT veto leads to a larger contribution to σBW with-
out contributing to σint, diluting the σint/σBW ratio.
IV. STRATEGIES FOR PROBING THE
HIGGS BOSON WIDTH
In the following we comment on several important
observational aspects and methods one can envision to
better measure the interference effect and constrain the
5
Higgs boson width.
The most straightforward approach is to compare the
on-shell Higgs rate to the standard model prediction,
with and without the inclusion of the interference term.
As discussed in Sec. II, the different parametric depen-
dence of the Breit-Wigner and interference terms would
allows us to access the Higgs total width. The HL-LHC
projections for the statistical uncertainty in the rate of
the 0-jet and 1-jet tagged Higgs to diphoton channels
are 4% and 5%, respectively [2]. These measurements,
however, are dominated by larger systematic and theo-
retical uncertainties, including those of beam luminos-
ity and PDF. The best measured channels at the LHC,
gg → h → γγ and gg → h → 4`, provide the most
accurate cross section ratio, projected to be measurable
at the 4% level [2]. In contrast to single cross section
measurements, the precision on this ratio is statistically
limited. We observe, however, that if we naively scale the
statistical uncertainty from the 8 TeV measurement [22]
as the square root of the number of events, one reaches
an impressive statistical uncertainty of 1-1.5% at the HL-
LHC. Together with the potential for improved analyses,
it is not unreasonable to have high expectations for fu-
ture HL-LHC performance. Regardless of the ultimate
reach of the HL-LHC, a few percent level is interestingly
within striking distance of this novel interference effect.
In light of the expectations for a remarkable experi-
mental sensitivity, it is therefore highly motivated to im-
prove the theoretical scale uncertainty. This, however,
requires a full NNLO calculation of the interference ef-
fect, including a three-loop calculation of the gg → γγ
scattering amplitude. Although this is a distant goal,
among 2 → 2 calculations at this order, the amplitude
for gg → γγ would naturally be one of the first to be com-
puted due to its relationship to (a subleading-color part
of) an all-gluon scattering amplitude. Such calculations
can, in general, be aided by exploiting similarities be-
tween amplitudes computed in QCD and in super-Yang-
Mills theories [23].
Keeping the current theoretical uncertainty band in
mind, the projected sensitivity of 4% on the ratio of γγ
to 4` yields can be translated into an upper limit of 22,
14, and 8 on Γh/Γ
SM
h at 1-σ level, for low, central and
high theoretical expectations on this interference effect,
respectively. These expected sensitivities assume the ob-
served measurement will agree with the standard model
prediction, including our interference effect. This also
assumes that the couplings to photons and Z bosons
maintain their SM ratio and the photon and gluon cou-
plings respect equation (6). The Higgs cross section pre-
cisions are anticipated to improve by at least one order
of magnitude at a future circular pp collider [24, 25]. Us-
ing the same assumptions, this can be naively translated
into lower and upper limits on the Higgs total width of
0.5 < Γh/Γ
SM
h < 1.6 at 1-σ level using the central value
from our NLO theory calculation. This high level of pre-
cision may thus establish the existence of the interference
effect at 3-σ level and differential distribution study will
further improve it. It is amusing to note that even today’s
O(20%) sensitivity to Higgs rates, together with similar
theoretical assumptions, places an indirect limit on the
Higgs width of Γh . 0.8 GeV at the 1-σ level, which is
competitive with the direct limit from the lineshape.
The interference effect on the total rate cannot be mea-
sured separately from the rate itself. This is why, in the
preceding paragraph, we needed to make an assumption
about the ratio of couplings. Otherwise, we would have
to obtain such a ratio of couplings from other on-shell
measurements or a global fit, adding additional uncer-
tainties. Therefore it is important to consider strategies
for determining (or limiting) the size of the interference
effect independent of a flat direction or any additional
theory input for the ratio of the Higgs boson branching
fractions. The effects of interference can be measured in-
dependently from the rate by probing its dependence on
kinematic observables such as the scattering angle and
the Higgs pT (-veto) shown in Figs. 3 and 4, respectively.
The best sensitivity to this effect would presumably be
achieved by employing a multi-variate analysis of the
data. Here we will simply consider a coarse binning of
these distributions that can be compared with data such
as Fig. 10(a) and Fig. 13(a) of Ref. [26], as the precision
improves.
The isotropic nature of the Higgs boson decay means
that, in principle, the interference effect can be mapped
out by measuring the photon polar angle in the Higgs
boson rest frame. Table I shows the size of the inter-
ference effect, as a fraction of the Breit-Wigner part of
the Higgs boson signal, for a few bins in |cos θ|. Here
we consider three selection criteria - the application of
no cuts at all, no photon cuts but the application of our
Higgs pT veto, and finally our LHC photon cuts together
with the veto. We will not attempt to estimate the reach
of this analysis method. However, observe that, for the
2 → 2 scattering configurations that dominate the in-
terference effect, the value of |cos θ| is constrained by
|cos θ| <√1− 4(pγT )2/m2h ≈ 0.77 for pγT > 40 GeV. This
explains the reduced effect of the interference in the 0.6-
0.8 bin in the final column of Table I and the lack of
an entry beyond that. It would be possible to observe a
significantly larger interference if the photon acceptance
coverage were enlarged.
One can also take the cross section ratio between ve-
toed and inclusive Higgs diphoton events as a probe of
the interference effect since, as shown in Fig. 4, the size
of the effect would be different in the two samples. This
would have the additional benefit of cancelling the lead-
ing theoretical and experimental uncertainties on the to-
tal cross sections. We postpone any further phenomeno-
logical studies along these lines, which would require de-
tailed collider simulation, to future work.
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TABLE I. The effect of the interference in bins of the photon
polar angle in the Higgs rest frame. The effect is shown for
three cases: no cuts, only a phT veto of 20 GeV, and LHC
photon cuts in addition to the phT veto. The scale uncertainties
are correlated across the various bins. Furthermore, the size
of the effect grows uniformly in all table entries as∼√Γ/ΓSM,
for parameter excursions in which all other Higgs yields are
held fixed.
−σint/σBW (%)
|cos θ| no cuts phT veto γγ cuts+veto
0.0–0.2 0.87+0.34−0.20 1.28
+0.62
−0.32 1.34
+0.68
−0.34
0.2–0.4 0.91+0.36−0.21 1.35
+0.65
−0.34 1.41
+0.72
−0.36
0.4–0.6 1.04+0.41−0.24 1.53
+0.74
−0.38 1.62
+0.83
−0.42
0.6–0.8 1.37+0.53−0.31 1.99
+0.96
−0.50 1.65
+0.75
−0.40
0.8–1.0 3.55+1.45−0.82 4.85
+2.37
−1.23 –
0.0–1.0 1.52+0.60−0.35 2.20
+1.06
−0.55 1.48
+0.73
−0.38
V. CONCLUSION
In this letter we discuss the change in the gg → h→ γγ
on-shell rate, due to interference between the Higgs sig-
nal and the QCD background amplitudes, as a way to
provide a novel handle to constrain - or even measure -
the Higgs boson total width. The key point here is the
different scaling behavior, as a function of the Higgs bo-
son width, between the interference and the standard
Breit-Wigner parts of the amplitude. The rate change
is induced by the presence of strong phases, with the
main effect coming from the background amplitude at
two loops. We perform a full NLO calculation at order
α3s of the interference effect and find that in the stan-
dard model it leads to a reduction of the on-shell rate
by ∼ 2%. In parameter excursions for which all other on
shell rates are held fixed (to SM expectations or to the
LHC measured best fit), this effect grows with the square
root of the Higgs total width. The scale uncertainty in
our calculation is large, of order one of the original effect,
calling for an improvement of the calculation of the QCD
background beyond NLO. Such theoretical improvement,
although challenging, is justified given the prospects for
a remarkable experimental sensitivity to some Higgs ob-
servables at the few percentage level.
We discussed the prospects for constraining the width
by a measurement of the ratio of the gg → h→ γγ chan-
nel to that of the gg → h → 4` channel. Although at
present this ratio is statistically limited, future HL-LHC
projections are quite promising, reinforcing the need for
theoretical calculations of even higher precision. We also
explored kinematic observables such as the photon scat-
tering angle in the diphoton rest frame and a veto on the
Higgs boson pT , which can be directly sensitive to the
interference effect and provide complementary informa-
tion to the total rate measurements. As an example, we
show the variation of the interference effects as a func-
tion of a coarse binning of the photon polar angle. More
work is needed in this direction, that is beyond the scope
of this paper, and multivariate analyses may prove to
be the best approach to compare data with theoretical
expectations in the future.
The proposed method for gaining sensitivity to the
Higgs boson width is complementary to other methods
that have been discussed in the literature. As opposed to
the off-shell method [12–14], our effect is active on-shell
and is hence independent of new physics effects that may
distort the measurements in the far off-shell region. It is
also qualitatively different from the mass shift method [8–
11] since it directly affects the overall rate. It is interest-
ing to imagine a scenario in which both on-shell effects
are measured. In that case one can make a non-trivial
test of the interference nature of these effects since the
mass shift is proportional to the real part of the back-
ground amplitude and the change in rate is proportional
to the imaginary part. This information could in princi-
ple be compared to the γγ rate in the side-bands which
is proportional to the magnitude of the background am-
plitude. Altogether our study aims at motivating a more
thorough examination of Higgs precision physics taking
into account the strong phase induced interference effect
in different Higgs boson observables.
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Appendix A: Signal amplitude and the strong phase
The coupling of the Higgs boson to gluons can be pa-
rameterized as the coefficient Fgg of the effective La-
grangian,
L ⊃ αs
4piv
FgghGµνG
µν ,
where v is the SM Higgs vacuum expectation value, taken
as v = 246 GeV, and the coupling is given by,
Fgg =
∑
q
I1/2(τq) =
∑
q
1
τ2q
[τq + (τq − 1)f(τq)] . (A1)
Here τq = sˆ/4m
2
q ≈ m2h/4m2q for a nearly on-shell Higgs
boson and,
f(τ) =

arcsin2(
√
τ) for τ ≤ 1,
− 14
(
log
1+
√
1−1/τ
1−
√
1−1/τ − ipi
)2
for τ > 1
As expected from the optical theorem, the loop func-
tion quickly gains an imaginary component after cross-
ing threshold at τq = 1. This behavior implies that,
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although Fgg is dominated by the top quark loop that is
purely real, all the light quarks (b, c, s, d, u) provide an
imaginary component for the effective coupling Fgg. The
imaginary contribution from each light quark is linearly
proportional to the Yukawa coupling, a suppression that
can be seen by examining the τq  1 limit of Eq. (A1) in
which Fgg ∼ 1/τq. 2 At the level of the cross-section the
real components of these contributions interfere destruc-
tively with the top quark contribution.
The three leading loop function contributions to the
gluon-gluon-Higgs effective vertex are, after normalizing
by the asymptotic value of 2/3 at τq → 0,
F tgg= 1.034,
F bgg= −0.035 + 0.039i, (A2)
F cgg= −0.004 + 0.002i.
It is useful to analyze a parameterization of the gluon-
gluon-fusion production rate, using the narrow-width ap-
proximation, that exposes the dependence on the Yukawa
couplings. In terms of the ratios κq ≡ yq/ySMq , in which
the Yukawa couplings are expressed relative to their SM
values,
σBW
σSMBW
=1.078κ2t − 0.074κtκb − 0.008κtκc
+0.003κ2b +O(< 0.001;κt, κb, κc).
This equation reveals the destructive interference be-
tween the top quark loop contribution and the bottom
and charm quark loops in the effective gluon-gluon ver-
tex. Clearly the contribution from the square of the imag-
inary component is smaller than 1% and it is justifiable
to ignore it when using the narrow-width-approximation.
The expression employed by the LHC ATLAS and CMS
combination is [22],
σBW
σSMBW
= 1.06κ2t − 0.07κtκb + 0.01κ2b .
which agrees reasonably well with our expression using
the input parameters specified in Eq. (C1). We note here
that the difference in the size of the bottom loop squared
contribution (κ2b) is of the same order as the charm loop-
top loop interference (κtκc). Moreover, if one takes into
account such percent-level modifications then the inter-
ference effect discussed in this paper – at the level of
around −2% in the SM – should also be taken into ac-
count. It is not captured in the present parametrization
using the narrow-width-approximation.
The intrinsic strong phase for the gluon-gluon-Higgs
interaction is not a small quantity,
arg(Fgg) = 0.042 . (A3)
2 In the τ  1 limit, the imaginary part of the loop function
Fgg is proportional to pi/τ2(τ log τ) = (log τ)/τ → 1/τ using
L’Hoˆpital’s Rule. The 1/τ is to be interpreted as 4m2f/sˆ =
2
√
2mfyfv/mf due to the parametrization of the loop functions,
where one can see the Yukawa scaling explicitly.
This means that the imaginary component of this effec-
tive vertex is as large as 4% and can be important when-
ever there is a non-negligible interference with a SM back-
ground.
The coupling of the Higgs boson to photons is given at
one-loop by,
Fγγ = IW (τW ) +
∑
f
Nfc e
2Q2fI1/2(τf ) , (A4)
where I1/2(τf ) is defined through Eq. (A1) and,
τW =
sˆ
4m2W
, IW (τW ) = 2 +
3
τW
+ 3
(
2
τW
− 1
)
f(τW ) .
(A5)
The contribution of the dominant W -boson loop flips
the sign of the resulting strong phase and, in addition,
the effect is parametrically suppressed. This results in
arg(Fγγ) = pi − 0.006.
Up to overall (irrelevant) phases, the one-loop helicity
amplitudes for the process gg → h→ γγ in the SM are,
A(+ + ++)= A(−−−−) = A(+ +−−) = A(−−++)
=
ααs
8pi2
m2h
v2
m2h
s−m2h + iΓhmh
FggFγγ . (A6)
The amplitudes for all other helicity combinations are
zero. The overall strong phase for the signal amplitude
apart from the Higgs propagator is then,
δh ≡ arg(FggFγγ) = pi + 0.036. (A7)
Comparing with Eq. (A3) we can thus see that the strong
phase from the gluon-gluon-Higgs vertex is reduced by
an opposite-sign strong phase from the photon-photon-
Higgs vertex.
Appendix B: The strong phase δbkg from the
interfering one-loop and two-loop background
Since the amplitudes for the signal process gg → h→
γγ are non-zero only for same-helicity gluons or photons,
as indicated in Eq. (A6), only four of the sixteen helic-
ity amplitudes for the background amplitudes are rele-
vant when computing the interference contribution. Fur-
ther, parity can be used to relate two of these to their
helicity-flipped counterparts so that we need only discuss
Abkg(+ + ++) and Abkg(+ +−−).
At both the one- [23] and two-loop [27] levels, in the
limit of massless quarks circulating in the loop, the am-
plitudes Abkg(++−−) are rational functions that, up to a
phase, are simply constants. Therefore they only receive
absorptive contributions that are mass-suppressed [28].
The one-loop amplitude Abkg,1L(++++) only receives a
mass-suppressed absorptive contribution, but it does de-
pend non-trivially on the kinematics of the process and
diverges in the forward-scattering limit. The two-loop
amplitude Abkg,2L(+ + ++) does not have such a simple
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FIG. 5. Decomposition of the background amplitude of the
SM process gg → γγ at one-loop and two-loop order, at a
center of mass energy
√
sˆ = 125 GeV, as a function of the
scattering angle, z ≡ cos θ, in the center of mass frame. The
imaginary (real) components of the amplitudes are shown in
solid (dashed) lines, respectively.
form and, even in the case of massless quarks, a non-
trivial absorptive contribution is present. We note that
other two-loop corrections, such as in the Higgs produc-
tion and decay amplitudes, do not induce any significant
absorptive contributions. Therefore it is the two-loop
background amplitude that drives the strong phase in
this process.
To illustrate these features, in Fig. 5 we show the
dispersive and absorptive components of the interfering
background helicity amplitudes at one-loop and two-loop
order. The amplitudes are shown as a function of the
cosine of the outgoing photon polar angle with respect
to the beam direction, z ≡ cos θ, in the collision cen-
ter of mass frame. As anticipated, the magnitude of
Abkg(+ + ++) is bigger than that of Abkg(+ + −−) at
both one- and two-loop order. The simple behavior of the
interfering Higgs amplitudes allows us to gain a quanti-
tative understanding of the overall strength of the inter-
ference effect depicted in Fig. 1. By summing over all
interfering helicity amplitudes and averaging over z we
obtain the strong phase of the background amplitudes,
δbkg = −0.205.
Appendix C: Input parameters
Since the strong phase from light fermions is propor-
tional to the input mass parameter squared, their exact
values are crucial to computing the size of the expected
effects. Both the running masses and couplings are eval-
uated at the Higgs mass, with values:
mt(mh) = 169.76 GeV
mb(mh) = 2.9575 GeV
mc(mh) = 0.6169 GeV
αS(mh) = 0.11265
α(mh) = 1/127.5, (C1)
The strong coupling is given by 2-loop running from the
value determined in the PDF fit, αS(mZ) = 0.118 [20].
We have explicitly checked that the contributions to the
Higgs boson amplitude from light (u, d, s) quarks are
negligibly small, using values of 2.3, 4.6 and 95 MeV for
up, down and strange quark masses, respectively. We
therefore set their masses to zero throughout. The Higgs
boson mass and total width are taken as 125 GeV and
4.2 MeV, respectively [29].
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